
Probabilistic capture–recapture models for 
open populations have been used to estimate 
avian survival rates for some time (e.g. Cormack 
1964, Carothers 1979). A common sampling de-
sign is to capture and recapture or resight birds 
during a short period each year (e.g. during the 
breeding season) for multiple years to estimate 
annual survival rate. A long-standing problem 
in application of capture–recapture models 
to such data involves the issue of transient 
individuals that are just passing through the 
sample area at the time of sampling but that 
have no chance of returning in subsequent 
years. Standard Cormack-Jolly-Seber models 
(Cormack 1964, Jolly 1965, Seber 1965, Lebreton 
et al. 1992) assume that all animals alive at 

sample period i have the same chance of appar-
ent survival (i.e. surviving and remaining in the 
population) until any subsequent sampling pe-
riod, and of being captured or resighted during 
any period j, given that they are alive and in the 
population. Existence of transients violates that 
assumption, because that subset of birds does 
not return to the study area and therefore has no 
chance of being seen again. 

Existence of transients produces a type of 
capture-history dependence (Williams et al. 
2002), in that previously marked birds are resi-
dents by defi nition and include no transients. 
However, unmarked birds are expected to ex-
hibit a lower probability of apparent survival 
until any subsequent sampling period, because 
they represent a mix of residents and transients 
(which by defi nition do not return). Pradel et 
al. (1997) dealt with the transient problem in 
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open population capture–recapture models 
through use of a mixture model for survival of 
unmarked animals (see below). That approach 
has seen substantial use in capture–recapture 
studies of avian populations (e.g. Loery et al. 
1997, DeSante et al. 1999, Rosenberg et al. 1999, 
Spendelow et al. 2002). 

Annual avian sampling periods sometimes 
cover relatively long periods of time (e.g. two 
months). Depending on the details of sampling, 
sometimes those long periods can be viewed 
as containing multiple secondary sampling 
periods, corresponding to the robust design 
of Pollock (1982). In such cases, there may be 
ancillary data providing evidence about resi-
dence status of birds. A bird may be captured 
multiple times during the period; and if there is 
suffi  cient time separating those captures, then it 
can be inferred that the individual is a resident. 
Other analysts have used that extra informa-
tion in various ways to help estimate survival 
rates (e.g. Buckland and Baillie 1987, Peach et 
al. 1990). Here, we consider ways to incorporate 
that extra information about residence status 
resulting from the robust design into open 
population capture–recapture models of the 
type developed by Pradel et al. (1997) to deal 
with transients. 

Pradel’s Transient Model

The transient model of Pradel et al. (1997) was 
developed for open-population data in which 
an animal is either captured or not at each sam-
pling period. That model is perhaps best de-
veloped by considering four sets of potentially 
time-specifi c parameters: φi is the probability 
that a resident bird present at time (year) i is 
still alive and in the population at time i + 1; φi

t 
is the probability that a transient bird present at 
time i is still alive and in the population at time 
i + 1; τi is the probability that an unmarked bird 
captured and released at time i is a transient; pi 
is the probability that a bird alive and resident 
in the population at time i is captured. Although 
φi and φi

t represent apparent survival probabili-
ties (i.e. the complement of which is death or 
permanent emigration), we will refer to them 
subsequently as survival probabilities. The logic 
underlying that model is most easily conveyed 
by writing out the probabilities of exhibiting 
particular capture histories. A capture history 
is simply a vector of K ones and zeros, where K 

denotes the number of sampling occasions (e.g. 
years) in the study, that is, a “1” indicates that 
the bird was captured at a particular occasion 
and a “0” indicates that the bird was not cap-
tured at an occasion. So a history of (0 1 0 1 1) 
indicates an animal that was not captured the 
fi rst or third occasions of a fi ve-period study but 
was captured at occasions 2, 4, and 5. 

To illustrate the logic underlying the Pradel 
et al. (1997) model, consider the following two 
capture histories and their associated prob-
abilities:

P(1 1 0 1 | release in period 1) = 
(τ1φ1

t + [1 – τ1]φ1)p2φ2(1 – p3)φ3p4

P(0 1 0 1 | release in period 2) = 
(τ2φ2

t + [1 – τ2]φ2)(1 – p3)φ3p4

Note that in both of the above capture histories, 
survival following initial capture is a mixture 
of survival rates of transients, φi

t, and resi-
dents, φi, with τi being the associated mixture 
parameter. However, survival probability for 
subsequent capture periods is simply given by 
the resident survival parameter, φi. Estimation 
under the above general model is not possible. 
However, Pradel et al. (1997) defi ned a tran-
sient as an animal with probability of returning 
to the area equal to 0, φi

t = 0. Under that natural 
constraint, the above capture-history models 
reduce to the following:

P(1 1 0 1 | release in period 1) = 
(1 – τ1)φ1p2φ2(1 – p3)φ3p4

P(0 1 0 1 | release in period 2) = 
(1 – τ2)φ2(1 – p3)φ3p4

During the fi rst occasion, all animals are un-
marked, and only the product of the propor-
tion resident and resident survival probability, 
(1 – τ1)φ1, can be estimated. However, dur-
ing subsequent periods, both τi and φi can be 
estimated separately. For example, consider 
animals released in period 2 in the above two 
capture histories. In the fi rst capture history, 
animals released in period 2 are already marked 
and thus known to be residents, and the subse-
quent (aft er occasion 2) portion of the capture 
history provides the information needed to esti-
mate φ2. That information about φ2 then permits 
decomposition of the product (1 – τ2)φ2 in the 
model for the second capture history and thus 
permits estimation of τ2. 
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A Transient Model under the Robust Design

The robust design of Pollock (1982) includes 
multiple (li) secondary periods within each pri-
mary period i. For example, assume a primary 
trapping occasion that extends for seven weeks 
during the breeding season each year and fur-
ther assume that actual sampling of birds occurs 
during weeks 1, 4, and 7. Those would be viewed 
as the li = 3 secondary sampling periods. There 
are multiple ways to consider the modeling of 
capture–recapture data across those secondary 
periods. Below, we consider the sampling situ-
ation in which the sampled population of resi-
dents is closed within each season, so that no 
residents enter or leave the sampled area during 
the primary sampling period. We outline an ad 
hoc approach and a likelihood approach. 

Ad hoc approach.—The simplest approach for 
using capture–recapture data within a primary 
period involves identifi cation of a resident as 
any bird that is recaptured some minimum 
period of time following initial capture. For 
example, assume that a bird remaining on the 
study site for at least d days (e.g. d = 10) is defi -
nitely a resident. Thus, for the above example 
of secondary sampling every three weeks, any 
bird captured on more than one secondary sam-
pling occasion would be identifi ed as a resident. 
That extra information can be used to catego-
rize some new birds (not captured in a primary 
period before period i) as residents. That cat-
egorization leads to two kinds of new releases, 
residents and unknowns. Under the model of 
Pradel et al. (1997), all new birds were viewed 
as unknowns, and their fi rst-year survival thus 
modeled using the mixture parameterization, 
(1 – τi)φi. Under the simple robust design model, 
new birds that are not recaptured more than d 
days following initial capture are categorized as 
unknowns and modeled just as in Pradel et al. 
(1997). However, new birds that are recaptured 
following d days are categorized as residents 
and given the same survival probability as birds 
caught in previous years, φi. 

To illustrate that modeling, consider the 
capture histories presented above, but now con-
sider two groups of birds with each capture his-
tory, those recaptured more than d days follow-
ing initial capture during the primary period of 
initial capture (released as residents) and those 
not recaptured more than d days following ini-
tial capture (released as unknowns):

P(1 1 0 1 | release in period 1 as unknown) = 
(1 – τ1′)φ1p2φ2(1 – p3)φ3p4

P(1 1 0 1 | release in period 1 as resident) = 
φ1p2φ2(1 – p3)φ3p4

P(0 1 0 1 | release in period 2 as unknown) = 
(1 – τ2′)φ2(1 – p3)φ3p4

P(0 1 0 1 | release in period 2 as resident) = 
φ2(1 – p3)φ3p4

where τi′ is the probability that a bird unmarked 
before period i and captured and released only 
once or less than d days apart within period i is 
a transient. Note that the above capture histo-
ries still retain a single entry (captured at least 
once or not caught) for each year.

Several comments should be made about that 
parameterization. First, note that this simple 
use of the extra information provided by recap-
tures requires no additional parameters. The 
model requires no real modeling of the recap-
ture data within a season and simply uses the 
data to reclassify some new animals from un-
known status to known resident status. Second, 
the defi nition of the transient parameter, τi′, is 
slightly diff erent from τi. Under the param-
eterization of Pradel et al. (1997), τi′ can be 
viewed as the proportion of all newly captured 
birds (not previously marked) at time i that are 
transients. Under the robust design approach, 
τi′ applies only to the new birds that were not 
recaptured in another secondary period more 
than d days aft er initial capture. The robust 
design reduces uncertainty in that the group 
of unknown-status birds to which τi′ applies is 
smaller (there are fewer unknowns and there-
fore τi′ ≥ τi) than in the case where such extra 
information about resident status is not used. 
A third point involves identifi ability of model 
parameters. As noted above, under the origi-
nal model of Pradel et al. (1997), the product, 
(1 – τ1)φ1, can be estimated, but the separate sur-
vival, φ1, and transient, τ1, parameters cannot. 
In the model of Pradel et al. (1997), there is no 
group of known residents in the fi rst sampling 
period from which information about φ1 can be 
obtained. In contrast, the robust design does 
provide a group of known residents (those re-
captured more than d days aft er initial capture), 
permitt ing estimation of φ1 and hence τ1. 

That approach has been implemented in 
TMSURVIV (see Acknowledgments) and has 
been used with North American landbird 
capture–recapture data resulting from the 
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monitoring avian productivity and survivor-
ship (MAPS) program (Nott  and DeSante 2002). 
In the analyses of Nott  and DeSante (2002), the 
ad hoc robust design approach described here 
yielded similar estimates of annual survival 
and capture probabilities as the open-model 
approach of Pradel et al. (1997), as expected. 
Proportions of new unmarked individuals 
estimated to be transients ( using the above 
notation, which diff ers from that of Nott  and 
DeSante 2002) tended to be larger under the ro-
bust design. That diff erence was expected as the 
transient parameters under the two approaches 
diff er, with corresponding to a smaller group 
under the robust design (unmarked birds not 
captured twice >10 days apart, rather than all 
unmarked birds). Precision of the estimated 
survival and recapture probability parameters 
was bett er under the robust design. Specifi cally, 
the CV of survival estimates improved by an 
average of 16.2% (range of 1.3 to 29.3%) across 
10 passerine species (Nott  and DeSante 2002). 
That increased precision was also expected, as 
the ability to classify additional unmarked birds 
as residents reduces uncertainty by increasing 
the number of known residents and reducing 
the size of the group of animals to which the 
mixture model applies.

Likelihood approach.—A second approach to 
using the robust design in transient models 
would be to follow a likelihood approach simi-
lar to that developed by Kendall et al. (1995, 
1997) for standard capture–recapture models. 
Under that approach, captures and recaptures 
occurring over the secondary sampling peri-
ods within each primary period would also be 
modeled. Consider the situation where resident 
animals are available at the sampled location 
for the duration of the primary sampling period 
(residents are available for capture at each of the 
li secondary sampling periods). Sampling thus 
begins aft er breeding has been initiated and 
ends well before residents begin moving away 
to nonbreeding areas. 

Modeling of the secondary period capture-
history data requires a more detailed description 
of data than the open-model capture-history no-
tation defi ned above. We again use “1” to denote 
a capture and “0” to denote no capture, but now 
we must use that notation to describe secondary 
sampling periods (e.g. see Williams et al. 2002). 
Consider the robust design capture history 101 
001. That history shows two primary sampling 

periods of three secondary occasions each. In 
primary period 1, the animal was caught on sec-
ondary occasions 1 and 3, but not on secondary 
occasion 2. In primary period 2, the animal was 
not caught in either secondary occasion 1 or 2, 
but it was caught in secondary occasion 3. 

Modeling of the data over secondary occa-
sions requires only capture probability and 
proportion transient parameters (for each sec-
ondary period, j) and relies on closure (i.e. no 
ingress or egress) of the resident population for 
the duration of sampling for each primary pe-
riod i: pi,j is the probability that a bird alive and 
present in the population at secondary occasion 
j of primary period i is caught; τi,j is the prob-
ability that an unmarked bird present at second-
ary occasion j of primary period i is a transient. 
If we retain the survival notation of the Pradel 
et al. (1997) model, then we can model example 
capture histories as follows, conditioning on 
fi rst capture:

P(101 001 | release in secondary occasion 1 
of primary occasion 1 as unknown) = 

(1 – τ1,1)(1 – p1,2)p1,3φ1(1 – p2,1)(1 – p2,2)p2,3
P(010 101 | release in secondary occasion 2 

of primary occasion 1 as unknown) = 
(1 – τ1,2)(1 – p1,3)φ1p2,1(1 – p2,2)p2,3

P(011 000 | release in secondary occasion 2 
of primary occasion 1 as unknown) = 

(1 – τ1,2)p1,3([1 – φ1] + φ1[1 – p2,1][1 – p2,2][1 – p2,3])
P(010 000 | release in secondary occasion 2 

of primary occasion 1 as unknown) = 
τ1,2 + (1 – τ1,2)(1 – p1,3)([1 – φ1] + φ1[1 – p2,1]

[1 – p2,2][1 – p2,3]).

The fi rst three capture histories above are 
known to represent residents (hence contain 
only a term, 1 – τ1,j), either because the animals 
were caught twice within primary period 1 (fi rst 
and third histories) or because they were caught 
in primary period 2 (second history). The 
fourth animal was caught only once and was 
not known to have been a resident. Thus, that 
history is modeled with a mixture that includes 
the possibility that the animal is (τ1,2) and is not 
(1 – τ1,2) a transient. 

We note that although the ad hoc approach 
required the same number of parameters as the 
open model of Pradel et al. (1997), the above ap-
proach requires extra parameters correspond-
ing to capture probabilities and transient pro-
portions for each secondary sampling period. 
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Although we have not conducted a formal com-
parison, the smaller number of parameters asso-
ciated with the ad hoc approach is appealing. We 
also note that once again, the interpretation of 
the period-specifi c transient parameters diff ers 
from that of the transient parameters of the pre-
ceding two approaches (see above defi nitions). 

Open modeling over secondary periods.—Under 
some sampling situations, gains and losses of 
animals occur between secondary sampling 
periods within a primary period. In such situ-
ations, open models can be developed for the 
secondary periods (Schwarz and Stobo 1997, 
Kendall and Bjorkland 2001). We believe that 
such models can be adapted to deal with tran-
sients as well. Such models will be similar to the 
above model presented for the case of closure 
over secondary periods, but they will contain 
additional survival parameters, φi,j, correspond-
ing to the probability that a resident animal 
present in secondary period j of primary period 
i will still be present at secondary period j + 1, 
where j < li. They will also contain parameters 
that describe probability of entry to the study 
area. Such models would again have capture 
and transient parameters for each secondary 
period as for the closed model case presented 
above. We present no details of such modeling, 
because we have doubts about how useful such 
models will be for estimating survival. Given 
the increase in number of parameters, it may 
well be that the ad hoc approach presented ini-
tially will provide the best way to use robust 
design data to estimate survival while account-
ing for transients. 

Discussion

Pradel et al. (1997) motivated their transient 
modeling by noting that transient individuals 
seemed to occur frequently in the sampling of 
birds and small mammals, and that failure to 
deal with such individuals produced survival 
rates that were not appropriate for resident 
individuals. Their mixture model approach 
provides a reasonable way to deal with the 
presence of transients when estimating survival 
rate. Users of those transient models for bird 
populations (D. F. DeSante in particular) have 
suggested the desirability of incorporating in 
such models additional information resulting 
from robust sampling designs. The work re-
ported here is a response to that request. We 

have considered diff erent ways of using the 
additional data and have writt en soft ware to 
implement the ad hoc approach described above 
(see Appendix 1). Nott  and DeSante (2002) have 
used that new modeling approach and indeed 
obtained increased precision on parameter 
estimates.

Our work relies on an assumed minimum 
residence time of d days to determine whether 
an individual bird is a resident or transient, on 
the basis of knowledge about the species. We 
envision two approaches to assure the veracity 
of that assumption. The simplest approach is 
simply to be conservative. If d is too small, then 
transients will be misclassifi ed as residents, 
thus inducing unknown negative bias in the 
estimation of φi. However, if d is too large, it 
results not in misclassifi cation, but more previ-
ously unmarked birds will remain in unknown 
status. Therefore, it does not induce bias but 
does reduce the benefi t to precision of incorpo-
rating within-season recaptures. That reduction 
in precision is measurable. Simulation could be 
informative for balancing bias and precision us-
ing something like mean-square error as a crite-
rion for determining the appropriate value of d.

The second approach is to evaluate d by direct 
modeling, allowing for the possibility that some 
of those designated as residents on the basis of 
d could be transients. That modeling approach 
is outlined in Appendix 2. The hypothesis that 
all birds assigned to resident status on the basis 
of d are residents can be evaluated using model 
selection or averaging (Burnham and Anderson 
2002), or direct hypothesis testing as in Skalski 
and Robson (1992) or MacKenzie and Kendall 
(2002). The latt er uses equivalence testing, 
which would make it more diffi  cult to conclude 
that all birds assigned to resident status are in-
deed residents.

The approaches described above are mix-
ture models, just as are the models of Pradel 
et al. (1997). We emphasize that such models 
incorporate extra parameters and associated 
uncertainty, when compared to models that 
ignore transients. That observation leads to 
the recommendation that, whenever possible, 
modifi cations of study timing and design are 
bett er ways to deal with transients than model-
ing (also see Cilimburg et al. 2002). For example, 
if a time period can be identifi ed when a studied 
population is reasonably certain to include only 
resident animals, then it is preferable to sample 
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at that time and avoid the need for transient 
modeling. The models presented by Pradel et 
al. (1997) and above are simply intended for use 
with populations for which it is not possible to 
identify sampling periods during which only 
residents are available. 

We also note that the sole purpose of the 
above models is to provide estimates of resident 
survival that are not infl uenced by the existence 
of unknown numbers of transients. The tran-
sient parameters (τi, τi′, τi,j) frequently will not be 
of interest, as they refl ect both biology and such 
aspects of sampling as magnitude of capture 
probability and proximity of sampling period to 
the beginning of the study. For example, higher 
capture probabilities will result in higher pro-
portions of residents being marked and thus in 
larger proportions of unmarked animals being 
transients. We also expect smaller proportions 
of transients among unmarked animals at the 
beginning of a study, when relatively smaller 
proportions of resident animals will have been 
marked. The design-dependence of the inter-
pretation of the transient parameters is empha-
sized by the diff erent interpretations noted for 
those parameters under the models of Pradel et 
al. (1997), the ad hoc robust design approach pre-
sented above, and the above likelihood-based 
approach for the robust design. 

None of the transient models described here 
includes parameters that represent the pro-
portion of animals that use an area in a given 
year that are transients. Although τi, τi′, and τi,j 
describe the proportions of unmarked animals 
captured at a given time that are transients, 
estimating the proportion of the population 
that is unmarked at that time is implied to 
estimate the proportion of the population that 
is transient. Estimation of such a parameter is 
sometimes possible with the robust design, but 
such estimation will depend on specifi cs of the 
study design as well as on assumptions about 
the arrival and departure patt erns for transients 
and residents within the year. 
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Appendix 1

Computer Implementation 

Estimates of the parameters described above can 
be obtained using soft ware specifi cally writt en to 
handle that type of data (TMSURVIV), or using a 
general-purpose capture–recapture analysis program 
(MARK; White and Burnham 1999). Originally writ-
ten to compute estimates under the Pradel et al. (1997) 
model, a slight modifi cation of TMSURVIV allows 
the input of the extra information required for the ad 
hoc approach. By default, TMSURVIV uses the Pradel 
model. If the input data fi le contains a fi eld indicating 
the resident status of each animal and a control state-
ment, TMSURVIV will compute estimates using the 
ad hoc approach. The following text shows an example 
input fi le for TMSURVIV with ad hoc approach modi-
fi cations shown in italics:

TITLE=sample input data for TMSURVIV
FIRST=78
PERIODS=4
PREDEFINED RESIDENT=6
FORMAT=(4I1,2X,I4)
0001 77
0011 15
0100 49
 ¦ ¦
1110 3

0001 r 77
0011 r 15
0100 r 49
 ¦ ¦
1110 r 3

Individuals that were captured more than d days 
apart in their fi rst primary capture period are denoted 
with r aft er the history (in column 6). Those records 
will be treated as known “residents” by the program, 
whereas records without the r will be treated as 
“unknown.”  The transient parameter output from 
TMSURVIV in that case would be the proportion of 
“residents” of the “unknown” group.

The same results could be obtained using pro-
gram MARK by treating the known residents (ani-
mals caught at least two times separated by at least d 
days in the first primary capture occasion) as group 
1, and the unknown animals as group 2. Parameter 
indices for capture-probability would be equal for 
the two groups. Parameter indices for survival 
would be different for the first occasion after release 
(matrix diagonal), then equal (across groups) for all 
other occasions. Although MARK will not compute

directly, it can be computed by dividing the 
survival rate estimate for the first year after release 
(diagonal) for the unknown status group by the cor-
responding survival rate estimate for the known 
resident group.

For example, for a four-year study, the survival 
parameter indices in MARK for resident (group 1) 
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Appendix 2

Evaluating Criterion d for Residency

Uncertainty could exist about the appropriateness 
of d, the minimum number of days between encoun-
ters of a bird that would designate it as a resident. If 
d is chosen to be too large, that would decrease the 
precision of survival estimates but not bias them. 
If d is too small, however, that would assign some 
transients to resident status and thus negatively bias 
survival estimates. A candidate value for d could be 
evaluated through modeling, by fi rst defi ning τi′′ as 
the probability that a bird—fi rst marked in year i and 
observed in that year at least twice more than d days 
apart—is a transient. We can then rewrite the capture-
history probabilities from the ad hoc robust design 
section above as 

P(1 1 0 1 | release in period 1 as unknown) = 
(1 – τ1′)φ1p2φ2(1 – p3)φ3p4

P(1 1 0 1 | release in period 1 as suspected resident) = 
(1 – τ1′′)φ1p2φ2(1 – p3)φ3p4

 P(0 1 0 1 | release in period 2 as unknown) = 
(1 – τ2′)φ2(1 – p3)φ3p4

 P(0 1 0 1 | release in period 2 as suspected resident) = 
(1 – τ2′′)φ2(1 – p3)φ3p4

If τi′′ = 0, that would indicate all suspected residents 
were indeed residents and support the choice of d. If 
τi′′ = τi′, then there would be no distinction between 
suspected residents on the basis of d, and those 
unmarked birds encountered only once in a given 
year. Either of those questions can be evaluated for 
a given data set. For example, in MARK the survival 
parameter indices presented above can be modifi ed 
accordingly: 

 Suspected resident Unknown status
 3 1 2 6 1 2
  4 2  7 2
   5   8

Notice that the parameters on the diagonal are unique 
for each group. To evaluate τi′′ = 0, one would set param-
eters 4 and 5 equal to parameters 1 and 2, respectively. 
To evaluate τi′′ = τi′, one would set parameters 3, 4, and 
5 equal to parameters 6, 7, and 8, respectively. That 
evaluation could be conducted using model selection or 
averaging based on AIC (Burnham and Anderson 2002), 
or through traditional hypothesis testing (Skalski and 
Robson 1992) or equivalence testing (MacKenzie and 
Kendall 2002). If results indicate that τi′′ are distinct, 
survival rate can still be estimated in the face of that. 
However, to avoid estimating extra parameters, one 
should consider choosing a larger value for d.

and unknown status birds (group 2), respectively, 
would be:

 Resident Unknown status
 1 2 3 4 2 3
  2 3  5 3
   3   6

Parameters 1 to 3 represent φ1, φ2, and φ3, and 
 parameters 4 to 6 represent (1 – τ1′)φ1, (1 – τ2′)φ2, and 
(1 – τ3′)φ3. If desired, τ1′can then be estimated as:


